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ABSTRACT: This research presents an innovative framework for designing an intelligent two-layer
controller in direct-expansion solar heat pump (DX-SHP) systems. The system comprises a flat-plate
solar collector-evaporator with an area of 3.1 m?, a variable-frequency hermetic rotary compressor, a hot
water storage tank with a volume of 0.1 m?, a finned-tube condenser, and a capillary tube (expansion
valve). The first layer, based on hysteresis logic and utilizing digital temperature sensors and an Arduino
microcontroller, is responsible for basic control and energy management under normal operating
conditions. This layer has been designed and evaluated experimentally. The second layer consists of a
PID controller whose parameters are tuned based on the system’s ARX model and the direct synthesis
method. This controller is activated upon the occurrence of severe disturbances, such as sudden changes
in solar irradiance or inlet temperature, and restores the system’s control accuracy to an optimal level.
Quantitative results obtained from experimental implementation under three scenarios—steady-state,
step disturbance, and periodic disturbance—indicate that the proposed controller, compared to the
standalone hysteresis controller, reduces the RMS temperature error in steady-state conditions from 0.95
to 0.28 °C (a 70.5% reduction) and decreases the number of compressor cycles from 42 to 35 (a 16.6%
reduction). Furthermore, energy consumption under the disturbance scenarios is reduced by 24.4% and
19.6%, respectively, in comparison to the hysteresis-only controller.
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1- Introduction

Direct-expansion solar heat pumps (DX-SHPs) are
considered a promising technology for domestic hot water
production due to the elimination of intermediate heat
exchangers and the capability to operate at lower temperatures
[1]. However, the performance of these systems is severely
affected by instantaneous variations in solar irradiance and
ambient temperature; this factor has turned the design of a
robust, accurate, and yet cost-effective control strategy into a
fundamental challenge [2].

Existing control strategies in this field are divided into
two general categories [3]: the first category comprises
simple and low-cost methods such as on/off control with
hysteresis logic, and the second category includes accurate
and complex methods like model-based PID controllers or
advanced controls based on artificial intelligence. Despite its
reliability and low cost, hysteresis control is associated with
temperature fluctuations around the setpoint and non-optimal
energy consumption [4]. In contrast, adaptive and model-
based PID controllers offer high accuracy and stability [5];
however, computational complexity, the need for an accurate
model, and higher hardware costs are the main obstacles to

*Corresponding author’s email: A-Taghizadeh@tvu.ac.ir

their commercial development [6].

A review of the research background reveals that previous
efforts have mainly been focused on improving each of these
two approaches in isolation. For instance, Rezaei et al. [7]
studied the performance of these systems in the moderate and
humid climate of Rasht city and confirmed its high potential.
Kongetal.[8] builtand tested a direct-expansion solar-assisted
heat pump system for domestic hot water supply in Qingdao,
China. In response to this gap, the present research introduces
an innovative two-layer control framework. The main novelty
can be defined at three levels: (a) intelligent integration of
hysteresis control (first layer: low-cost and reliable) with
an ARX-based, model-based PID controller (second layer:
accurate and stable); (b) design of an automatic switching
mechanism based on two complementary indices, namely the
“derivative of error” (for detection of rapid disturbances) and
the “integral of error” (for detection of poor performance of
the active layer over a long interval); and (c) implementation
on low-cost hardware and experimental validation under real
operating conditions. The primary objective is to preserve
the advantages of both methods (simplicity and economy
under steady conditions, and high accuracy when facing
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Fig. 1. Constructed direct-expansion solar heat pump
system.
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Fig. 2. Schematic of the control circuit designed in

Fritzing software.
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Fig. 3. Graph of changes in water outlet temperature over time.

disturbances) while simultaneously achieving cost reduction,
energy consumption reduction, and enhancement of thermal
stability.

In the following, the experimental setup and the ARX
model identification method are first presented. Subsequently,
the design of the PID controller and the intelligent switching
algorithm is described, and finally, the experimental results
and validation are provided.

2- Methodology

The direct-expansion solar heat pump (DX-SHP) system
under study in this research is designed for domestic hot
water production and is illustrated in Fig. 1. The system
operates with R134a refrigerant. An auxiliary electric heater
with a power of 600 W is installed in the water storage tank
to supplement the system’s performance under conditions of
reduced solar irradiance or when rapid heating is required.
Optimal management of this auxiliary heater constitutes the
design objective of the proposed temperature control system.
The control system designed to manage the auxiliary heater’s
operation is based on an Arduino Nano microcontroller.
The complete schematic of the electronic connections of
the control system was drawn in Fritzing software and is
presented in Fig. 2.
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3- Results and Discussion

The presented results clearly confirm the superiority of
the two-layer hybrid approach in simultaneously achieving
optimal energy consumption, thermal stability, and reduced
mechanical wear. Fig. 3 depicts the graph of water outlet
temperature variations over time. In Fig. 3, the trend of outlet
water temperature changes over a period of 2000 seconds is
shown. As can be observed, the outlet temperature initially
lies within the range of 51 to 53 °C and varies at different time
intervals under the influence of environmental conditions and
system inputs. The setpoint of 55 °C is indicated by the red
dashed line.

At approximately 1000 seconds, a gradual increase in
temperature begins, which is caused by an increase in heating
power or a change in irradiance conditions. Thereafter, the
temperature reaches a maximum of approximately 64—65
°C and then decreases again. This behavior indicates that,
without advanced control, the system is sensitive to input
variations, and the outlet temperature exhibits significant
fluctuation around the setpoint. Fig. 4 demonstrates that,
with temperature variations, the PWM duty cycle for the
water pump has changed. At times when the temperature
increased (e.g., approximately 1000-1500 seconds), the
PWM decreased to reduce heat transfer. Conversely, when


https://dx.doi.org/10.22060/mej.2026.25760.7967

A. Taghizadeh et al., Amirkabir J. Mech. Eng., 57(12) (2026) 1637-1656, DOI: 10.22060/mej.2026.25760.7967

PWM Signal (%)

= P\WM Signal Water Pump
W Hysteresis layer

Time

Fig. 4. Temperature changes versus PWM signal.

Heater status
g

2

W Heater status

©

1000
Time

1250 1750

Fig. 5. Heater on/off status.

2

w

-

Amount of disturbance (°C)

= External disturbances
Reduce radiation
Increase radiation

Input temprature change

750

1000
Time (sec)

1250 1500 1750 2000

Fig. 6. Amount of disturbance applied to the system.

the temperature dropped, the PWM increased. This behavior
indicates that the fine-tuning layer is continuously adjusting
the water flow rate to achieve temperature stability.

Fig. 5 shows the on/off status of the heater. It is observed
that the heater is active only at specific intervals, i.e., when
the system temperature approaches the lower bound of the
hysteresis. This leads to a reduction in energy consumption
and an increase in system efficiency.

Fig. 6 displays the amount of disturbance applied to the
system, including reduced irradiance (blue region), increased
irradiance (yellow region), and inlet temperature variation
(purple region). The fluctuations created in the disturbances
were intentional in order to assess the controller’s performance
under various conditions. The results indicate that the two-
layer control successfully maintained the outlet temperature
within the permissible range despite these significant changes.

Fig. 7 presents the controller test for inlet and outlet water
temperature variations. The two signals are the inlet water
temperature (blue) and the outlet water temperature (orange);
above the graph, the input voltage (0V, 80V, 100V, 120V, 0V,
120V, 0V) is specified, representing the controller or pump/

heater input variations. The inlet temperature exhibits severe
oscillations with the voltage changes, and its average level
shifts. This implies that the system is subjected to sudden
disturbances, and voltage changes have a significant effect
on the inlet temperature. The outlet temperature remains
almost stable and close to 50 °C. This graph demonstrates
that the controller effectively compensates for severe inlet
temperature disturbances and maintains the output close
to the reference value with a small error. The controller’s
performance is robust and resilient.

In Fig. 8, three quantities—inlet water temperature
(green line), outlet water temperature (blue line), and solar
irradiance intensity (red line — right axis)—are measured
simultaneously. The solar irradiance exhibits rapid
fluctuations with high amplitude, and its wave-like behavior
is repeated throughout the test duration. These fluctuations
cause the inlet temperature to also oscillate within a specific
range (approximately 25-35 °C). Around the midpoint of the
simulation time, concurrently with the increase in irradiance,
the outlet temperature exhibits an ascending trend and
stabilizes within the range of 60—63 °C.
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Fig. 8. Changes in inlet and outlet water temperatures and solar radiation versus time.

4- Conclusions

In this research, an innovative two-layer control
framework for direct-expansion solar heat pump (DX-SHP)
systems was presented. The core of this architecture is the
intelligent integration of a low-cost and reliable hysteresis
control layer with an adaptive PID control layer based on
an ARX model. A decision-making algorithm based on the
derivative of error and the integral of error switches between
these two layers automatically and dynamically. Practical
implementation on the ESP32 platform and experimental
tests clearly demonstrated the superiority of this method. The
simulation results show that in the uncontrolled state, the
system exhibits high sensitivity to environmental changes,
and the temperature deviates from the desired value, whereas
the proposed two-layer controller successfully maintains
the water temperature within the operational range and
reduces deviations. In this structure, the hysteresis layer
plays a protective role, and the PWM-based layer provides
the precision of temperature regulation. Consequently,
heater operation is minimized, which translates to reduced
energy consumption and increased overall system efficiency.
Furthermore, the controller remains stable against severe
environmental disturbances and delivers desirable thermal
behavior. This research proved that, with an intelligent design
and a suitable architecture, the gap between simplicity and
accuracy can be bridged, offering a cost-effective, stable,
and efficient solution for the control of dynamic renewable
energy systems..
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Fig. 1. Constructed direct expansion solar heat pump system.
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Table 1. Specifications of the main components of the refrigeration cycle.
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Fig. 3. Schematic of the control circuit designed in Fritzing software.
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Fig. 5. Block diagram of the proposed two-layer control architecture.
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Table 3. Quantitative comparison of the performance of different controllers under

three test scenarios.
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Table 5. Validation of results.
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